WHO reported 10.4 million new tuberculosis (TB) cases and 1.8 million deaths in 12 2015, making M. tuberculosis the most successful human pathogen with highest mortality among 13 infectious diseases.[1,2] Drug-resistant TB is a major threat to global TB control.[2,3] Recently 14 Torres et al.[4] identified 14 novel substitutions in M. tuberculosis-KatG (the enzyme associated 15 with resistance to isoniazid-an important first-line anti-TB drug) and demonstrated that 12 of 16 the 14 can cause INH-resistance in M. smegmatis. This study presents an in silico structure-based 17
Introduction
can decrease the volume of the catalytic cavity as well as potentially alter the positioning of the 61 catalytic heme. [22] The majority of amino acid substitutions studied were either in direct contact 62 with the catalytic heme (S315T, S315R, S315I, S315N, S315G and G273C) or were located in 63 close proximity, within 3 Å (P232R). They were also able to demonstrate that amino acid 64 substitutions located > 10 Å from the catalytic heme (A109V as well as the double mutant H97R, 65 overall fold of both protein domains are very similar, and a structural-based superposition of the 80 two structures, shown in Figure 2 , results in a virtual overlap of the three channels as well as the 81 catalytic center with negligible RMSD value of 1.03 Å (including all atoms between the two x-82 ray structures). 83
Using M. tuberculosis-KatG 2CCA.pdb as a template, we generated homology models of the 84 14 variant KatG sequences reported by Torres et al.[4] Several of these amino acid substitutions 85 appear to cluster around the three openings in the KatG tertiary structure that lead directly to the 86 heme group at the enzyme's catalytic center, the same 3 sites that were found in the x-ray 87 structure of Se-KatG. [15] In this article, we report the results of our investigation into the 88 structural impact of these 14 novel mutations on the tertiary structure of M. 
Materials and Methods
Reduction criteria included the exclusion of all duplicates (100% sequence identity), all WT, and 123 all sequences harboring anything other than a single substitution. From this set, four sequences 124 were selected as control. The intention was to demonstrate that our models could predict that the 125 mutations do not confer resistance by predicting minimal steric effects. The four substitutions 
Mapping the Access Channels on M. tuberculosis-KatG 141
WT Se-KatG (3WXO.pdb) and WT-M. tuberculosis-KatG (2CCA.pdb) share 55% sequence 142 identity as well as a highly conserved fold with almost identical secondary and tertiary 143 structures, as indicated by the value of 1.03Å RMSD. (Figure 2 ) Using the structural 144 superposition, the amino acids comprising the three access channels for potential INH entry to 145 the catalytic center labelled 1, 2 and 3, were then mapped onto corresponding residues in the M. These measurements were used to calculate the cross-sectional area presented in Table 1 . 
Cross-Sectional Area Measurements 151
Cross-sectional diameters of the surface opening of each channel were measured in the 152 homology models of the canonical mutation S315T, the 14 novel variants, five variants observed 153 in susceptible isolates, and of the WT KatG. ( Supplementary Table ST1 the homology models and the corresponding positions in the WT structure were calculated using 157 equation (1) and compared to the WT. 158
Correlation between Resistance Levels and Constriction of the Access Channels 160
In order to assess the potential role of steric effects on level of resistance, we estimated the 161 correlation between Minimum Inhibitory Concentration (MIC) levels (reported by Torres et al. 162 [4]) and the relative constriction of the channels with regards to WT-KatG. As mentioned before, 163 two measurements were made in each channel of each model, one at the protein surface and one 164 near the heme. 165
We studied the predictive power of five sets of measurements in predicting the reported MIC 166 values. These measurements were: cross-sectional opening of the channels at the surface of 167 the protein ( ), percentage change of as compared to the WT (%∆ ), cross-sectional 168 opening of the channels near the heme ℎ , percentage change of ℎ as compared to the WT 169 (%∆ ℎ ), and smallest cross-sectional area in each channel (between the surface and heme-end 170 opening) = min ( , ℎ ). 171
In order to study the predictive power of the listed measurements and their relationship with 172 MIC levels, we employed a variety of statistical, polynomial, rational, and exponential functions. 173
Ninety eight different instances of the 18 different form functions listed in Supplementary Table  174 ST3 were employed. Each of the five listed measurements from each channel was separately 175 provided as input to the 98 functions. In all 1,470 different input-function combinations were 176 tried. The outputs of the functions were used as estimates of the MIC values. We then studied 177 the correlation between our estimates and the actual MIC measurements in order to identify the 178 input-function combination that produced the most accurate MIC estimates. 179 correlation is the more appropriate measure, and hence, in this manuscript, we only report 183 values. Table 1 . Percentage Change in cross-sectional areas at the surface entrance of each of the three channels 185 leading to the catalytic center with respect to corresponding sites in the WT x-ray structure, 2CCA.pdb as 186 a result of the listed mutations. ">10 Å" indicates that the mutation was more than 10 
Results and Discussions

Homology Model Evaluation 208
The major assumption in this approach is that a single amino acid substitution will have 209 minimal effect on the overall protein structure and function. In order to test the validity of this Further confidence in our models was built by comparison of the effects of S315T (the 226 canonical mutation causing resistance) and S316G (a control mutation). The first is known to 227 cause widespread resistance with little to no fitness cost [14, 16, 17, 19] , while the second which is 228 located in the very next amino acid in the sequence is known not to cause resistance [26]. As we 229 will see in the next sections, our models were able to predict this by demonstrating severe 230 channel 1 constriction for S315T near the entrance to the catalytic heme, but show minimal 231 constriction or even widening of the channels for S316G. (Tables 1 and 2 ) This provides further 232 confidence in accuracy of our homology models and their ability to predict the phenotype. 233
Proximity of variants to Access Channels on M. tuberculosis-KatG 234
The amino acid substitutions were mapped on each of the 19 homology models generated,14 235 In contrast, the surface entrances to each of the three channels of the S315T-M.
tuberculosis-274
KatG protein all had relatively minor reductions in cross-sectional surface areas, between 2-5%. 275
The roles of each of these three access channels are not well understood, but for this amino acid 276 substitution, S315T, it appears that the constriction in Channel 1 near the entrance to the heme 277 and the potential to hydrogen bond to the Thr sidechain is sufficient to convey resistance to INH 278 while not seeming to affect KatG's catalytic activity. The S315T amino acid substitution is 279 therefore thought to be neutral with regards to fitness cost. 
Structural Origins of Resistance Due to the 14 Novel M. tuberculosis-KatG Variants 283
As described above, homology models were generated for each of the 14 M. tuberculosis-284
KatG variant sequences and structurally superposed onto the M. tuberculosis-WT x-ray structure. 285
The major and minor diagonals of each channel at points near the surface as well as near the 286 catalytic heme were used to calculate the cross-sectional area of each channel. (ST1 and ST2) 287
The calculated cross-sectional areas were compared to those of the WT KatG for each homology 288 model. (Tables 1 and 2, Figures 4 and 5) . 289 Table 1 lists the cross-sectional changes calculated near the surface entrance for each 290 channel. The percent area change due to the novel mutations across the three channels ranged 291 from -46.25% to -8.48% with mean cross-sectional area reductions of -19.47%, -27.96%, and -292 30.79% for the three channels respectively. 293 Table 2 lists the cross-sectional changes calculated in each channel near the catalytic heme. 294
For Channel 1, nine of the mutations only had minor reductions in cross-sectional areas ranging 295 up to -7% and five actually had notable increases in cross-sectional areas resulting in a positive 296 mean change in cross-sectional surface area of +2.03%. For Channel 2, all 14 variants had 297 reductions in cross-sectional surface areas ranging between -9.85% and -21.06% with a mean 298 reduction of -16.18%. For Channel 3 all 14 KatG variants had significant increases in cross-299 sectional areas ranging between +26.96 to +72.80% with a mean value of +52.50%. 300
In summary, while the 14 mutations had a variable effect on the opening near the heme, 301 strikingly, all caused significant constriction of the opening of all three channels at the surface. 302
These results are all consistent with our hypothesis that the 14 novel mutations cause synergistic 303 constrictions in the channels such that INH's access to the catalytic center and therefore its 304 activation is significantly reduced (if not entirely blocked). Interestingly, some of these 305 mutations which resulted in constrictions near the surface entrances of Channels 1 and 3 306 simultaneously resulted in dilation of the opening near the catalytic center. Channel 2, on the 307 other hand, was constricted at both ends, by all 14 polymorphisms. Although it can be 308 hypothesized that the constrictions near the surface are sufficient to restrict INH's access, it is 309 clear that there is a need for additional experimental studies. 310
We were also curious to see if we could find a correlation between the location of the amino 311 acid substitution on the protein and its effect on the three channels. Although six (including 312 S315T) are found in/close to a channel, nine of the 14 reported substitutions are located more 313 than 10Å away from all channels (Tables 1 and 2). If our models and hypotheses are correct, 314 then these act via long-range, perturbations of the KatG tertiary structure. 315
Finally, we were unable to identify a correlation between amino acid class/identity and the 316 degree of cross-sectional area reduction in one or more of the channels. 317
Controls 318
In contrast to mutations whose causal role had been established by Torres et al., the control 319 mutations caused much less constriction of the entrance to all three channels. The resulting 320 change in the surface opening of Channel 1 ranged between -5.26% and +2.29%, with an average 321 change of -1.11%. This is in sharp contrast with the effects of resistance-conferring mutations 322 (minimum change: -8.48%, average change -19.47%). (Table 1 ) 323
The effects of the control mutations on Channels 2 and 3 surface openings were just as 324 dramatically insignificant. Channel 2 changes due to the control mutations ranged between 325 +0.09% and +4.80% with an average change of +1.98% as compared to the minimum change of 326 -17.98% and average change of -27.96% for the resistance-causing group. In Channel 3, we 327 observed a range of -2.26% to +4.43% changes with mean change of +1.11% for the control 328 group in comparison to the minimum change of -10.96% and average change of -30.79% for the 329 resistance-causing group. 330
Near the heme, the majority of control mutations had a widening effect. The resulting change 331
in Channel 1 ranged between +9.98% and +14.50%, with an average change of +12.91%.
Resistance causing mutations caused a variation between -6.95% and +25.77% with an average 333 change +2.03%. (Table 2) For Channel 2 changes due to the control mutations ranged between -334 4.65% and +0.08% with an average change of -2.31% as compared to the minimum change of -335 9.85% and average change of -16.18% for the resistance-causing group. In Channel 3, we 336 observed a range of +19.67% to +34.40% changes with mean change of +25.25% for the control 337 group in comparison to the minimum change of +26.96% and average change of +52.50% for the 338 resistance-causing group. 339
In summary, we observed a striking difference between the effects of the control mutations 340 and the 14 novel resistance-causing mutations. In every case, control mutations either caused a 341 widening or an insignificant amount of constriction on the channel openings. The 14 novel 342 resistance causing mutations imposed a significant amount of constriction, especially at the 343 opening near the surface. (Tables 1 and 2 ) 344
Fitness Costs 345
Significant constriction of the access channels can also impact the access of the substrate to 346 the heme. As such, we hypothesize that those mutations that have significant constricting effects, 347 especially on all three channels, would have a fitness cost. All 14 novel mutations fall in this 348 category. The canonical S315T is an exception since it only constricts Channels 1 but it actually 349 increases the diameter of Channels 2 and 3. Here, we put forth the hypothesis that perhaps it is 350 because of this unusual steric effect that this mutation has such a low fitness cost and therefore is 351 so prevalent among resistance conferring mutations. 352
R385W and D387G 353
These two mutations were first reported by Torres et al. associated with the models of few other novel mutations. (Tables 1 and 2 ). Perhaps this could be 360 due to subtle differences between the steric effects in the two species. One hypothesis could be 361 that these mutations restrict the access channels in a way that growth rate (as a result of substrate 362 access restriction) is affected in M. smegmatis but not in M. tuberculosis. In such a case, M. 363 smegmatis mutants with these variants would not reach the cut off growth units in a growth-364 based test and hence incorrectly be classified as susceptible while M. tuberculosis mutants would 365 be able to do so and hence be identified as resistant. In order for this hypothesis to be true, such 366 steric effects must be specific to these two mutations beyond what our models can demonstrate. 367
Our modeling of M. tuberculosis-KatG variants is inconclusive and does not support this 368 hypothesis since it shows that the constricting effects due to these mutations are significant on all 369 three channels (Table 1) but are not the largest among the 14 mutations. So, it is difficult to 370 explain why those with bigger constricting effects do not limit substrate access but do so in these 371 two cases. As such, the role of these two mutations in resistance remains unclear. It is certainly 372 possible that the two have no role in resistance and that an alternative mechanism elsewhere in 373 the genome is in play. 374
Correlation of Steric Effects with Level of Resistance 375
Overall, with one notable exception of KatG-S315T model, the correlation of observed INH 376 resistance with measurements of the surface channel cross-sectional areas were stronger than the 377 correlations with measurements of the cross-sectional areas near the heme. Table 3 
displays the 378
Spearman correlation coefficients associated with 12 outstanding functions. Functions (1) 379 through (3) are single variable functions and display the correlation between surface cross-380 sectional areas of the three access channels ( 1 , 2 , and 3 ) and MIC. Among these, the strongest 381 correlation was observed with 2 , the surface cross sectional area of Channel 2, with = 382 −0.82. The negative correlation indicates an inverse relationship (the smaller the surface 383 opening of the channel, the higher the MIC value). Generally, the cross-sectional areas of the 384 channels near the heme and the smallest cross-sectional area of each channel showed notably 385 weaker correlations with MIC values. For Channel 2, for instance, functions (4) and (5) in Table  386 3, shows a weaker (-0.72) for the opening near the heme ( ℎ 2 ), and the smallest cross-sectional 387 area ( 2 ). 388
Overall, among the 1,420 input-function combinations, the strongest correlation with MIC 389 values was observed at the surface of the protein and is reported by function (6) in Table 3 . The 390 function is a linear combination of the surface openings of the three channels: 391
The counter parts of this function that took the minimum areas as input, function (7), and the 393 areas near the heme, function (8), showed weaker correlations. (Table 3 ) All variations of this 394 function, including the sum of the surface areas produced lower correlation-function (9) in the 395 table. Dropping any channels from function (6), weakened the correlation-functions (10) 396 through (12). In function (6), the negative value, positive coefficients of 2 and 3 , and a 397 negative coefficient of 1 indicates that a reduction in the surface cross-sectional areas of 398 channels 2 and 3 and an increase in the surface cross-sectional area of Channel 1 would increase 399 the MIC value. While the roles of Channels 2 and 3 in increasing the MIC values was expected, 400 the suggested role for Channel 1 was not and needs to be further investigated. 401 Each homology model containing a reported novel amino acid substitutions had significant 414 constriction in one or more channels while the controls did not. Statistical correlation indicates 415 that the steric effects of the 14 novel mutations are different from that of the canonical S315T.
While the latter severely constricts Channel 1 near the heme, the former group severely 417 constricts Channels 2 and 3 at the surface of the protein to cause increased MIC. Our results 418 support the hypothesis that the 14 novel mutations constrict access channels broadly resulting in 419 limited substrate access and a fitness cost. S315T does not constrict Channels 2 and 3 resulting in 420 no fitness cost. This study provides the knowledge base for experimental work to confirm the 421 molecular mechanism of INH resistance. We plan future studies for experimental validation of 422 these in silico results. 423
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